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Wildland-urban interface growth and factors increasing the probability of wildfire 
suggest that annual spending on wildfire risk mitigation and suppression will continue to 
increase.   With limited information about the benefits and costs of risk mitigation, land 
managers and homeowners may under- or over-invest in risk mitigation, where costs are 
disproportionate to the expected benefits of the strategy.  This study accounted for 
expected increases in wildfire risk (due to growth of the WUI, climate change and 
vegetation growth) over time in Flathead County, Montana, and estimated the expected 
avoided loss in structure values associated with three treatment levels that would require 
homeowners to treat fuels on their properties.  Expected avoided losses were then 
compared with estimates of the expected cost of implementing and maintaining the 
treatments over time.  The majority of the WUI (86%-99%) received no more than $100 
of benefit per structure, as measured by the expected avoided losses due to treatment, 
under all home ignition zone treatment levels.  Comparison of the mean annualized 
treatment costs suggests the light treatments are economically efficient for about 1% of 
study area structures.   Heavy treatments are likely to be efficient for about 3% of study 
area structures, and full treatments for about 2% of study area structures. Therefore, the 
analysis strongly suggests that mandatory fuel treatments for home-owners are unlikely 
to be economically efficient in Flathead County. These findings are robust to the 
parameter changes explored in the sensitivity analysis, in which a 20% and 50% increase 
and decrease in wildfire risk was conducted.   
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Preface 
This research is part of a larger National Science Foundation-funded FireClim project.  
FireClim’s research objectives include development of a coupled natural-human systems 
model of the complex socio-ecological interactions among climate change, economic 
growth, land development and policy, wildfire, and wildfire risk in the Wildland-Urban 
Interface (WUI).  The FireClim model is a suite of social and ecological models and 
procedures whose integrated outputs are intended to test several hypotheses about how 
future residential development and land use policy influence future wildfire risk in the 
study area’s WUI.  More information describing the inputs and linkages between models 
comprising the FireClim model is viewable at: http://projects.cares.missouri.edu/fireclim-
montana/Methods/Methods.html.   
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1.0 Introduction 
Wildfire risk can be thought of in terms of the relationship between the likelihood or 
frequency of wildfire events, severity or intensity of the event, and the susceptibility of 
assets to wildfire at that intensity (Scott 2006).  Wildfire risk is estimated by probability 
of exposure of an asset of interest to wildfire of a given intensity and the effects of the 
fire on the asset to that exposure (Calkin, et al. 2011). Wildfire policy-makers and 
managers, and homeowners in the Wildland-Urban Interface (WUI), are tasked with 
determining the efficient level of investment over space and time in alternative risk 
mitigation strategies to protect valued assets. Thus, wildfire risk management is 
inherently an economic problem in which the expected costs of a risk mitigation strategy 
are compared against the expected benefits (i.e. avoided losses) resulting from the 
strategy. With limited information about the benefits and costs of risk mitigation, land 
managers and homeowners may under- or over-invest in risk mitigation when costs are 
disproportionate to the expected benefits of the strategy.  
It can be argued that wildfire management in the USA has been, and continues to be, 
dominated by responding to wildfires threatening assets with aggressive suppression 
actions.  Since 2002, the average annual cost of this strategy to taxpayers has been $3 
billion (Gorte 2013, National Interagency Fire Center 2013).  Wildfire protection now 
accounts for nearly half of the United Stated Forest Service (USFS) annual budget, and 
more than 10 percent of all Department of the Interior (DOI) Agencies’ budgets (Gorte 
2013) . Large and high risk wildfires, associated with atypical biomass accumulation, 
changing climate conditions, and development of the WUI are becoming increasingly 
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common, suggesting that this pattern of increasing wildfire management cost will persist 
into the future. 
Economic evaluation of wildfire risk mitigation strategies requires an understanding 
of the probability of wildfire, the susceptibility of assets to wildfire, the cost of wildfire 
risk mitigation strategies, and the effectiveness of risk mitigation in terms of reducing 
wildfire probability and intensity, and reducing the susceptibility of assets to wildfire. 
Many studies have estimated levels of one or a few of these parameters for particular risk 
mitigation strategies, but few can claim to have evaluated the economic efficiency of 
wildfire risk mitigation.  A thorough international literature review revealed only three 
such studies from the United States (Mercer, et al. 2007, Prestemon, et al. 2012, 
Stockmann, et al. 2010) and two from Australia (Florec, et al. 2012, Venn and Quiggin in 
press). Improved understanding of the economic efficiency of wildfire risk mitigation is 
critical to inform wildfire management and policy. 
Although wildfire risk mitigation can take several forms, the objective of this paper 
is to inform wildfire policy makers and managers, as well as residents of the WUI, about 
economically efficient levels of investment in vegetation management within the home 
ignition zone1 (HIZ).  Specifically, the paper seeks to determine whether a policy that 
makes HIZ vegetation treatments mandatory is economically efficient. This is achieved 
with reference to a case study area in Flathead County, Montana. Climate (A2 scenario, 
IPCC 2007), vegetation growth, wildfire, and residential development and expansion, 
were simulated for the period 2010 to 2059. Spatially and temporally-explicit estimates 
                                                 
1 The home ignition zone (HIZ) is area that principally determines a home’s ignition potential during 
extreme wildfires when active fire protection is unlikely (Cohen 2010), see Figure 6. 
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of burn probability and WUI growth facilitated evaluation of three levels of HIZ 
treatment, all of which reduce the probability of structure ignition, relative to a base case  
of no HIZ treatment. Due to limited and wide-ranging estimates of the cost of 
vegetation treatments in the HIZ, the treatments are evaluated via break-even analysis. 
The paper presents a brief review of the contributing elements of wildfire risk and 
federal policy and evidence of the effectiveness and cost of wildfire risk mitigation.  
Methods for determining the expected annual loss metric and its contributing factors used 
for economic evaluation are presented and results are reported.  The economic efficiency 
of three alternative home ignition zone treatments compared to no treatment is discussed.  
Recommendations for future research are presented and limitations of the study are 
described.  Concluding comments follow. 
2.0 Wildfire Risk, and Costs and Effectiveness of Risk Mitigation 
The growth of WUI communities in the United States, with new residents attracted to 
environmental amenities offered in these locations (Frentz, et al. 2004, Hunter, et al. 
2005, Rasker and Hansen 2000, Stetler, et al. 2010), increases the exposure of human life 
and private property and public assets to wildfire.  In the United States, low-density 
residential housing development in the WUI  increased by 52% between 1970 and 2000, 
and is predicted to continue to increase (Litschert, et al. 2012, Theobald and Romme 
2007).  Gude, et al. (2008) found that in eleven Western states, only 14% of the available 
WUI is currently developed, leaving the remaining 86% available for new home 
construction.  
Since the 1930s, highly-effective fire suppression programs have reduced the area 
burned by wildfires throughout the western United States (Brown and Arno 1991).  
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Indeed, from 1980 through 2002, 98% of all wildfires in the United States were 
successfully suppressed before reaching 300 acres (Wildland Fire Leadership Council 
2004).  As a result of this success, and the fact that fuels accumulate faster than they 
decompose in most Western states, forest and rangelands now host atypical fuel 
accumulations when compared to historic conditions (Brown and Arno 1991, Keane, et 
al. 2002, Kolb, et al. 1998, Mutch, et al. 1993, Reinhardt, et al. 2008, Stephens and Ruth 
2005).  Forests with atypical fuel loads can support wildfires of atypical severity and size, 
increasing the probability of wildfires burning at high intensities that are capable of 
causing significant and persistent damage to social, environmental and economic systems 
(Arno and Brown 1991, Cohen 2010, Williams 2013). 
Large fires that escape initial suppression attempts typically occur because of extreme 
fire weather conditions (Cohen 2010).  Westerling, et al. (2003) found that large fire 
frequency in the western United States suddenly increased in the mid-1980s, 
corresponding to a regional shift toward unusually warmer springs, longer summers and 
drier fuels.  Additionally, all climate models are consistent in the prediction that, in the 
coming decades, elevated carbon dioxide levels within the earth’s atmosphere will result 
in warmer global average temperatures and regionally warmer spring and summer 
temperatures in the western United States (Melillo, et al. 2014).  The combination of 
longer fire seasons and warmer temperatures increases the likelihood of extreme fire 
weather conditions and the potential for insuppressible large fires. 
Increased public spending and loss of market and non-market assets to increasingly 
frequent, large wildfires in recent years has led to revisions of federal wildfire policy, 
which now calls for the integration of risk analysis and economic efficiency into wildfire 
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management.  A 2001 review and update of the 1995 Federal Wildfire Management 
Policy included as guiding principles that (1) “sound risk management is a foundation for 
all fire management activities,” and (2) “fire management activities are economically 
viable, based on values to be protected, costs, and land and resource management 
objectives”(Interagency Working Group 2001). These statements reflect the position of 
the federal government that the cost of responses to wildfire (e.g. prevention and 
suppression) should be in balance with the benefits and losses that wildfire confers.  It 
has been recommended by several federal organizations that one way to curb increasing 
suppression costs is to expand preventative measures that reduce the possibility of severe 
and intense wildfires that could damage ecosystems, destroy property, and take human 
life (Goverment Accountability Office 2003a, Goverment Accountability Office 2003b, 
USFS 2000). 
Throughout wildfire-prone areas of the world, three broad approaches to wildfire risk 
mitigation are practiced: early evacuation (Calkin, et al. 2014, Paveglio, et al. 2012), 
landscape-scale prescribed fire or mechanical fuel treatment (Agee and Skinner 2005, 
Ager, et al. 2010b); and treatment of fuels within the HIZ (Cohen 1999).  Risk mitigation 
actions vary in terms of which risk factors, i.e. likelihood, intensity and susceptibility 
(Scott, et al. 2013), they are designed to affect (Calkin, et al. 2014).   
Early evacuation is a policy that is practiced annually in the United States and 
Canada, and is an effective method for reducing life loss to wildfire. However, as a stand-
alone policy it is ineffective at reducing the risk of property or critical infrastructure loss.          
The common objectives of landscape-scale fuel reductions are to reduce wildfire 
likelihood and intensity by removing surface and ladder fuels within treated areas, and 
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reducing the probability of fire occurrence beyond treated areas by limiting fire spread 
rates and enhancing suppression effectiveness.  When applied over sufficiently large 
portions of the landscape, performing and maintaining fuel reduction via combinations of 
mechanical thinning and prescribed fire is an effective approach to meeting the above 
objectives under non-extreme fire conditions (Agee and Skinner 2005, Ager, et al. 2007, 
Ager, et al. 2010a).  Simulation modelling has shown that landscape-scale fuel reduction 
treatments can reduce wildfire risk to structures by 45%, when treatments are spatially 
optimized and performed over a large enough area (Ager, et al. 2010b).   
Estimating the cost of landscape-scale fuel reductions is exceptionally difficult due 
to variation in site conditions, land management attitudes, agency objectives, financial 
constraints and reporting in-accuracy (Reinhardt, et al. 2008).  Cost estimates that do 
exist indicate that they are very expensive to perform, considering the proportion of the 
forest that must be treated for optimal performance.  González-Cabán and McKetta 
(1986) estimated that the average cost of mechanical treatments range from $1,026-
$4,730 per ha in the northwest USA.  Throughout the western USA,  Prestemon, et al. 
(2012) estimated the cost of mechanical treatment to be slightly higher at $1,652-$6,625 
per ha, depending on whether a timber sale was associated with the treatment.  Cleaves, 
et al. (2000) noted that the cost of performing fuel reduction with prescribed fire, at $26-
$825 per ha, is considerably less than the cost of mechanical thinning in a study of 
prescribed fire treatment costs across the USA.  However, those costs quickly increase 
when treatments are performed near the WUI.   Berry and Hesseln (2004) observed that 
proximity to WUI increases the cost of performing prescribed fire by as much as four 
times in the northwest, USA.  Additionally, the time period of benefit provided by 
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landscape-scale prescribed fire and mechanical treatments can be as short as three years 
in some regions (Reinhardt, et al. 2008), with effectiveness depending on the level of fuel 
removed and fuel regeneration rates (Agee and Skinner 2005). 
While empirical evidence shows that landscape-scale fuel reduction treatment can be 
effective in non-extreme fire conditions, the majority of WUI disasters in recent years 
have occurred during extreme fire weather events, where high wildfire spread rates and 
intensities compromise fuel treatment effectiveness and fire suppression capacity (Cohen 
2010, Williams 2013).  Calkin, et al. (2014) stated that emphasis on conducting fire 
suppression when communities are threatened by wildfire, and on treating wildland fuels 
on public lands within and adjacent to communities, continues to frame WUI fire 
disasters as a wildland fire control problem rather than a problem of structure 
susceptibility to the inevitability of wildfire exposure.  A growing body of evidence 
indicates that reducing the susceptibility of structures to wildfires through modification of 
fuels and structure materials in the HIZ is more cost-effective than landscape-scale fuel 
treatment for reducing wildfire risk to homes (Mell, et al. 2010, Price and Bradstock 
2013, Stockmann, et al. 2010, Venn and Quiggin in press).   
However, HIZ treatments are not without drawbacks.  In their economic evaluation 
of bushfire risk mitigation strategies in southeast Australia,Venn and Quiggin (in press) 
made the following assertions: (1) performing modifications to structures and vegetation 
can cost the property owner tens of thousands of dollars; (2) many homeowners chose the 
location of their home because of the vegetation surrounding it and removal of vegetation 
would reduce aesthetics and real estate value; (3) vegetation treatments need to be 
maintained over time; and (4) many parcel sizes are less than 0.4 hectares, making it 
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impossible to modify vegetation within 30 m of a home without a community-wide 
agreement. 
In their study of landscape-scale and HIZ wildfire risk mitigation in Ravalli County, 
Montana, USA, Stockmann, et al. (2010), considered the effectiveness of treatments in 
reducing risk factors and cost, and demonstrated that wildfire risk mitigation in the HIZ is 
generally more cost-effective in reducing the risk of structure loss in the WUI than 
landscape-scale fuel reduction treatments in the forest surrounding the WUI.  
Additionally, they found that full HIZ fuel conversion has an average cost of $11,288 (in 
2006 dollars) per residence over 30 years, and full HIZ fuel conversion with structure 
modification has an average cost of $19,258 per residence for 30 years and both 
treatments reduced home ignition probability by approximately 63% relative to the status 
quo. In other words, the added expense of structure modification did not reduce home 
ignition probability compared to HIZ vegetation reduction alone.  For their study area, 
Stockmann, et al. (2010) estimated the cost of reducing expected home loss by one over a 
30-year period at $3.7 million.  At the time, the average property value was about 
$200,000, indicating these HIZ treatments are economically inefficient for southwest 
Montana on the basis of avoided structure losses. 
Gibbons et al. (2012) found that removing all vegetation within the HIZ of homes 
destroyed by the Black Saturday bushfires in Victoria, Australia, would only have 
reduced the probability of home loss by about 15% for the average home. Given the 
relatively low probability of a bushfire event and the relatively high cost of vegetation 
management in the HIZ, it is not clear whether more vegetation removal within the HIZ 
would have been economically efficient in areas affected by the Black Saturday fire.  
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Venn and Quiggin (in press) accounted for avoided life losses in addition to structure 
losses in their economic evaluation of wildfire risk mitigation in southeast Australia, and 
concluded that the landscape-scale and HIZ treatments are economically inefficient. 
This study will expand on the work of Stockmann, et al. (2010) by estimating the 
economic efficiency (as opposed to cost-effectiveness) of multiple wildfire risk 
mitigation scenarios, applied over a larger area and for a longer period of time, while 
accounting for growth of the WUI and the predicted effects of climate change on 
wildfire. 
3.0 Study Area 
Northwest Montana was selected as the study area (Figure 1) because it is an 
excellent example of a fire-adapted ecosystem that is experiencing rapid population 
growth in the WUI and is expected to experience ecological changes associated with 
climate change.  The study area is 664,183 ha and is centred on Flathead County, but 
includes parts of Lincoln, Lake, Sanders and Glacier counties.  All land within the study 
area can be catagorized as being managed by one of the following six  landowners: (1) 
USFS; (2) National Park Service (NPS); (3) Montana Department of Natural Resources 
and Conservation (DNRC); (4) Plum Creek Timber Company (PCT); (5) other private 
land owners (PVT); and  (6) Salish and Kootnei tribal lands (CA) (Table 1.) 
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Figure 1. Study area in, northwest Montana, USA 
 
Table 1. Area and proportions of six land ownership categories 
Landowners  Area (ha)  Percent of study area  
USFS 
                
133,070  20 
NPS 
                  
45,262  7 
DNRC 
                  
61,142  9 
PCT 
                
146,125  22 
PVT 
                
228,598  34 
CA 
                  
49,970  8 
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In 2014, the population of Flathead County was 94,924 and median income for 
individuals was $25,790 (United States Census Bureau 2015).  Logging, mining and 
agriculture dominated the economy of Northwest Montana for most of the 20th century 
(Swanson, et al. 2003).  Although in decline since the 1980s, commercial logging 
remains an important industry in Flathead County, accounting for 5-10% of total 
employment, and is an industry that many residents wish to preserve (Flathead County 
Planning and Zoning 2009, O’Donnell, et al. 2014).  Despite the decline of natural 
resource extraction industries, the county’s total population has increased by over 50% 
from approximately 60,000 in 1990, more than double the 24% rate of population 
increase during the same period for the state of Montana and the nation (US Census 
Bureau 2011a, US Census Bureau 2011b).  New residents are attracted by Flathead 
County’s environmental amenities, including Glacier National Park, extensive National 
Forests and ski resorts, Flathead Lake, and the forks of the Flathead River, all of which 
provide outdoor recreation opportunities and an economic boost to communities as a 
result of tourism (Swanson, et al. 2003).   
Housing patterns in Flathead County range from gated forest subdivisions and 
isolated rural residences to urban apartments and condominiums.  Approximately 66% of 
the population resides in rural locations outside city limits (Flathead County 2012).  The 
number of housing units in the County has steadily increased in recent years, reaching 
46,963 in 2010, a 30% increase over the level in 2004 (Flathead County 2012).  Over the 
same period, the rural population of the county increased 15% from 52,348 to 59,956 
(Flathead County 2012). In contrast, the average rate of population growth inside the city 
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limits was 2% during the same period (Flathead County 2012).  Therefore, the WUI 
population in Flathead County is growing substantially faster than the city population. 
The climate in the study area is generally cold and wet in the winter, and warm and 
dry in the summer.  Average annual precipitation of rain and snow ranges between 2540 
mm at high elevations to 300 mm in valleys.  Mixed mesic and mixed subalpine forest 
types are dominant in the study area, although mixed xeric forest can be found on dry 
southern aspect sites at low elevations. The mixed mesic forest type includes Douglas-fir 
(Pseudotsuga menziesii), ponderosa pine (Pinus ponderosa), western larch (Larix 
occidentalis), Englemann spruce (Picea engelmannii), and grand fir (Abies grandis) 
(Fisher, et al. 1998), and is characterized as having a ‘mixed intensity fire regime’, 
meaning it can experience both high-frequency low-intensity and low-frequency high-
intensity fires (Brown, et al. 2004).  The mixed subalpine forest type includes lodgepole 
pine (Pinus contorta), subalpine fir (Abies lasiocarpa), Douglas-fir, Engelmann spruce 
and whitebark pine (Pinus albicaulis) (Fisher et al., 1998). The mixed subalpine forest 
type is characterized by low-frequency, high-severity wildland fire (Brown, et al. 2004). 
Ponderosa pine and Douglas-fir are the two dominant species in the mixed xeric forest 
type, which has historically experienced high-frequency, low-intensity wildland fire 
(Brown, et al. 2004).   
4.0 Methods 
This section describes the various models and procedures used to calculate the 
expected annual loss (EAL) of structure values associated with three HIZ treatment 
levels - (a) Light; (b) Heavy; and (c) Full – evaluated for the study area relative to a no 
HIZ treatment base case over the period 2010 to 2059.  The difference between EAL of 
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structure values with treatment performed in the HIZ, and EAL of structure values with 
no treatment performed in the HIZ is the expected benefit of a treatment.  EAL is the 
value which is used to determine economic efficiently via break-even analysis. 
Estimating EAL requires the integration of model and procedure outputs generated at the 
conclusion of each of five sub-periods (2010-2019, 2020-2029, 2030-2039, 2040-2049 
and 2050-2059).  In reality burn probability and structure value, both contributing factors 
to EAL, change continuously.  However, to make landscape level simulation of these 
factors tractable, these values are updated once at the beginning of the five sub-periods.  
Figure 2 is a flow chart which shows how model and procedure outputs are integrated to 
estimate EAL and refers readers to methods sub-sections: 4.1 Future land use, WUI 
delineation and structure valuation; 4.2 Vegetation simulation and estimation of 
landscape burn probabilities; 4.3 Home ignition zone treatments and conditional structure 
ignition probabilities; and 4.4 Break-even analysis of HIZ treatment policies, for detailed 
descriptions.  
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Figure 2.  Flow chart of models, procedures and equations for estimating economic 
efficiency of HIZ treatments 
 
4.1 Future land use, WUI delineation and structure valuation. 
This study uses the simulated land use changes, WUI delineation, and structure values 
for the study area, which were produced for the FireClim project reported in Prato, et al. 
(2014). In that project spatially explicit future land use and housing stock were simulated 
from the 2010 conditions reported in the 2010 CAMA data (Montana Cadastral Database 
2010) for the five sub-periods using the Residential and Commercial-Industrial 
Institutional-Development (RECID2) model (Prato, et al. 2014). The simulation modelled 
eleven sectors in Flathead County and assumed an economic growth rate of 2.2% per 
annum.  That growth increased the demand for new jobs in those sectors, which in turn, 
increased the amount of land required for residential development.  Future residential 
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development for this study was simulated by sub-period by combining the estimated 
residential development requirements with: (1) land available for residential development 
(Prato, et al. 2012); (2) a continuation of the 2010 land use policy for Flathead County 
(Flathead County 2012, Flathead County Planning and Zoning 2009), which specifies 
where particular types of residential development can occur; and (3) the attractiveness of 
developable parcels for residential development (Prato, et al. 2012).  RECID2 outputs 
included spatially and temporally explicit land parcel and structure data.  The first 
structure in a parcel was assumed to be located at the centroid of the parcel; additional 
structures were randomly assigned to other locations within the parcel.  Prato, et al. 
(2007) (2012) provide more detail about the RECID2 model.   
Prato, et al. (2014) delineated the WUI for each sub-period using RECID2-simulated 
parcel data and vegetative cover determined based on LANDFIRE Existing Vegetation 
Type Refresh 01 (LF-EVT 01) data (Rollins 2009).  WUI delineation was performed in 
ArcGIS via the following procedure: (1) Parcels containing developed residential 
structures at a density of more than one structure per 16.12 ha (or more than one structure 
per 40 acres) are identified and considered for inclusion in the WUI; (2) 0.8 km buffers 
are placed around the centroids of all parcels that meet structure density requirements 
(described in step 1).  If the buffer contains at least 50% wildland vegetation, as indicated 
by the LF-EVT 01 data, then the parcel was designated potential WUI.  If the buffer 
contains less than 50% wildland vegetation they were designated WUI, provided the 
parcel was within 2.41 km of an area larger than 536 ha of at least 75% wildland 
vegetation; (3) Potential WUI are included in the WUI if they are surrounded by or 
adjacent to a large body of continuous wildland vegetation of at least 536 ha of at least 
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50% heavy vegetation cover.  Structure density, buffer size, proportions of wildland 
vegetation cover, and proximity to patches of wildland vegetation are based  on the 
Healthy Forests Act guidelines for WUI structure/community protection (Stewart, et al. 
2009, Theobald and Romme 2007).  Figure 3 shows the simulated WUI growth from 
15,509 structures within 40,696 ha of WUI in 2010, to 35,246 structures within 163,817 
ha of WUI in 2059.
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Figure 3. Landscape burn probabilities and spatial extent of the WUI by sub-period 
Note-Study area mean burn probability, WUI area and structure count are provided by sub-period 
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With the assistance of local real-estate professionals, Prato, et al. (2014) assigned all 
parcels within  the 2010 WUI into one of twenty-one neighborhoods.  CAMA parcel data 
(Montana Cadastral Database 2010) provided market values for existing structures.  
Figure 4 shows the range of structure values by neighborhood in 2010 and figure 5 shows 
the spatial variation in mean structure values by neighborhood in 2010. Structures 
simulated by RECID2 and retained in future sub-period WUIs after the delineation 
process were identified as being in a particular neighborhood with or without waterfront.  
New structure were then randomly assigned a structure value from the distribution of 
2010 waterfront or 2010 non-waterfront residential structure values from the same 
neighborhood.  The resulting structure values for each new property were inflated to the 
sub-period in which that structure was added to the data using a real (net of inflation) rate 
of 1% per annum.  The real value of all structures is assumed to increase at 1% per 
annum.  This rate is consistent with the average annual real rate of property value 
increase in Flathead County over the period 1990 to 2010.   
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Figure 4. Range of structure values in 2010 by Flathead County neighborhood 
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Figure 5. Mean structure value by neighborhood in 2010 
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4.2 Vegetation simulation and estimation of landscape burn probabilities 
Study area vegetation composition and wildfire was simulated for the five sub-
periods with FireBGCv2, a mechanistic, individual-tree model that uses stochastic and 
deterministic functions to simulate landscape dynamics including vegetation succession 
over time (Keane, et al. 2011).  FireBGCv2 was calibrated and validated for a portion of 
the study area  (Loehman, et al. 2011) using methods described in Keane, et al. (2011).  
The observed weather stream (1950-1994) was modified to approximate changes 
associated with the Intergovernmental Panel on Climate Change (IPCC) A2 greenhouse 
gas emissions scenario (IPCC 2007), which was chosen because it was the most plausible 
climate scenario for which spatially and temporally downscaled temperature and 
precipitation projections were available at the time FireBGCv2 was calibrated for this 
project (Prato, et al. 2014).  Wildfire ignition locations were stochastically simulated 
across the landscape annually. Vegetation and fuel model data were modified according 
to fire behavior and effects in burned areas (Keane, et al. 2011).  Area burned annually 
was recorded as the fire pattern for the simulation period.  Appendix A provides a further 
discussion of the fire pattern used for this study. 
Important assumptions adopted for estimation of landscape dynamics in FireBGCv2 
include: (a) a continuation of the current 98% success rate in wildfire suppression; and 
(b) no timber harvesting, or prescribed fire or mechanical fuel reduction treatments 
performed outside the HIZs of structures in the WUI. Without this assumption it would 
be impossible to know the extent to which landscape treatments affected EAL. This 
assumption, which results in an overestimation of EAL that is easily addressed via 
standard sensitivity analyses, is assumed to isolate the effect of HIZ treatment.   
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FireBGCv2 simulations provided geospatial vegetation and fuel characterization data 
at the end of each sub-period, which were used as inputs for landscape burn probability 
simulation using the large fire simulation model FSim (Finney, et al. 2011).  FSim 
simulated 30,000 years of wildfire behavior upon a geospatial landscape made from the 
FireBGCv2 and LANDFIRE topographic data using annual and inter-annual statistical 
variability in historic weather, coupled with ignition probability grids.  Climate 
parameters required by FSIM include: (1) mean monthly precipitation; (2) relative 
humidity; and (3) average temperature.  For the first sub-period, climate parameters were 
obtained from historic data recorded at the Hungry Horse Remote Automated Weather 
Station (RAWS) located within the study area.  For the remaining four sub-periods, 
climate parameters were obtained from General Circulation Model (GCM) data spatially 
downscaled from a pixel resolution of 150-300 km by 150-300 km, to approximately 6 
km by 6 km for the Northwest United States  by the Climate Impacts Group (CIG) 
(Littell, et al. 2011), at the Hungry Horse RAWS location.  These data were used to bias 
correct the mean monthly predicted changes in precipitation, relative humidity, and 
average temperature in the observed weather records from the recent historic period 
(1992-2011) to simulate the effects of the IPCC AB1 greenhouse gas scenario for future 
time period wildfire simulation modelling.  Appendix B provides detailed information 
about FSim calibration, simulation and a discussion of how climate change was 
addressed in future sub-periods.   
FSim simulations produced spatially explicit 180m-x-180m resolution mean burn 
probability data for the study area at the end of each sub-period.  Mean landscape-wide 
annual burn probabilities were found to increase from 0.0065 at the end of sub-period 1, 
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to 0.019 at the end of sub-period five (Figure. 3).  Some parcels contained multiple 
180m-x-180m mean burn probability pixels, while other parcels, being smaller than a 
single pixel, contain only a portion of one pixel.  To account for this variability Prato, et 
al. (2014) developed a GIS procedure in ArcMap 10 that estimated the weighted average 
burn probability for the parcel on the basis of the proportion of the parcel intersected by  
each burn probability pixel.  Detailed steps for this procedure can be found in (Prato, et 
al. 2014). 
4.3 Home ignition zone treatments and conditional structure ignition probabilities   
Prato, et al. (2014) determined through expert review of CAMA data (Montana 
Cadastral Database 2010), which classifies existing structure exterior wall and roof 
materials, that all structures in the study area fall into one of three structure ignition 
classes  low, high or very high  based on combinations of three exterior wall flammability 
classes and three roof flammability classes.  Stockmann, et al. (2010) used of the 
Structure Ignition Assessment Model (SIAM) to determine that homes in western 
Montana with these structure ignition classes have the following conditional structure 
ignition probabilities: 0.80 for the low structure ignition class, 0.95 for the high structure 
ignition class and 1.0 for the very high structure ignition class.  The 2010 CAMA data for 
the study area revealed that 55% of structures in Flathead County are in subdivisions.  
Therefore 55% of structures existing in 2010 and 55% of all structures added in future 
sub-periods were randomly assigned subdivision status, the remaining 45% of existing 
and future structures where assigned non-subdivision status.  Flathead Counties’ sub-
division regulations require that residential structures built after 1983 are compliant with 
Firewise construction and HIZ fuel management (Flathead County Planning and Zoning 
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2009, Prato and Paveglio 2014).  Due to the random assignment of subdivision status 
structure age was not taken into consideration rather, the assumption was made that all 
structures in subdivisions are in the low structure ignition class.  Existing and future non-
subdivision structures were assigned structure ignition classes corresponding with the 
proportions in which they occurred among non-subdivision structures in the 2010 WUI 
parcel data created by Prato, et al. (2014) : Low 2%; High 20% and Very High 78%.    
The three HIZ treatment scenarios evaluated in the study area are described in Table 2 
and differ in terms of the amount and method of vegetation removal performed in the 
HIZ (Figure 6).  Light HIZ treatment requires small-scale brush clearing and tree thinning 
(any amount of brush clearing and thinning less that specified in Heavy HIZ treatment) 
and, conversion of grasses and surface litter to watered lawn in zone 1.  Heavy HIZ 
treatment requires brush clearing, tree thinning to 10 m between tree crowns, tree pruning 
to 3 m and, conversion of grasses and surface litter to watered lawn in zone 1.  Full HIZ 
treatment requires complete conversion of wildland vegetation in zone 1 to a manicured 
landscape and tree thinning (10 m between crowns) and pruning (up to 3 m) in zones 2 
and 3 if parcel size allows.   
 Stockmann, et al. (2010) estimated conditional structure ignition probabilities for the 
cases of no HIZ treatment (none), light fuel treatment (light) and full fuel treatment (full) 
using SIAM.  Prato, et al. (2014) estimated the conditional structure ignition probabilities 
for heavy fuel conversion (Heavy) as the average of the SIAM probability reduction 
factors for full and light fuel treatments. Table 3 summarizes the conditional structure 
ignition probabilities used in the analysis.  For analytical purposes, implementation and 
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maintenance of each fuel treatment level is assumed to be mandatory for all WUI 
structures throughout the study period.   
 
Figure 6. Home Ignition Zone (Cohen 2010) 
 
Table 2. Home ignition zone treatment descriptions 
HIZ 
Treatment 
Descriptiona 
None No vegetation removal in the HIZ 
Light 1) Choice of thinning or pruning in HIZ 1. 
2) Residue piling in HIZ 1. 
3) Chipping, mulching, burning or processing biomass in HIZ 1.   
4) No vegetation removal in HIZ 2 or 3. 
Heavy 1) Thinning in HIZ 1. 
2) Residue piling in HIZ 1.  
3) Chipping, mulching, burning or processing biomass in HIZ 1.  
4) Pruning in HIZ 1.   
5) No vegetation removal in HIZ 2 or 3. 
Full 1) Thinning in HIZ 1 and 2.  
2) Residue piling in HIZ 1 and 2. 
3) Chipping, mulching, burning or processing biomass in HIZ 1 and 2.  
4) Pruning in HIZ 1 and 2.  
5) Pruning in HIZ 3 if parcel size allows. 
a  Prato, et al. (2014) developed these four fuel reduction levels and their parameters (i.e., amount of 
vegetation removed and allowance of vegetation remaining) for private properties are based on 
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recommendations by the Firewise Communities US program (Firewise Communities 2011) and National 
Fire Protection Association standards (Cova 2005). 
 
Table 3. Conditional structure ignition probabilities for three levels of treatment  
HIZ Treatment Structure ignition class 
Very high High Low 
None 1.0 0.95 0.80 
Lighta 0.89 0.89 0.80 
Heavyb 0.55 0.55 0.55 
Fulla 0.36 0.36 0.36 
 
a Light and Full conditional structure ignition probability estimated by Stockmann, et al. (2010). 
b  Heavy conditional structure ignition probability is the average of  the structure ignition probability 
reduction factors for light and full HIZ treatment (Prato, et al. 2014). 
  
4.4 Break-even analysis of HIZ treatment levels 
The cost of any particular home ignition zone treatment can vary substantially 
between parcels according to factors such as the area treated, which is a function of lot 
size, and spatial distribution of fuels within the lot, and how much vegetation is removed. 
This detailed information is not readily available on a parcel-by-parcel basis for large-
scale WUI analyses like those performed in this study.  To avoid the need for such data, 
HIZ treatments have been evaluated via breakeven analysis.  That is, the analysis 
determined the maximum cost of the HIZ treatment at which the treatment would be 
economically efficient.  The maximum economically efficient cost of the HIZ treatment 
is equivalent to the expected avoided loss (i.e., expected benefit) due to the treatment, 
relative to no HIZ treatment.  
The expected avoided loss for structure i treated by HIZ treatment j (EALij) can be 
estimated as the difference between the present value of expected structure value loss 
with no HIZ treatment (ESVLij, j=NONE) and the present value of expected structure 
value loss with a HIZ treatment (ESVLij. j = l (light), h (heavy) or, f (full)). 
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EALij = ESVLij=NONE - EVSLij=l (light), h (heavy) or, f (full)    [1] 
where: 
 ESVL𝑖𝑗 = ∑ [
(𝐵𝑃𝑖𝑡∗𝐶𝑆𝐼𝑃𝑖𝑗∗𝑆𝑉𝑖𝑡)∗
(1+𝑟)10−1
𝑟(1+𝑟)10
(1+𝑟)10(𝑡−1)
]5𝑡=1      [2] 
 
t = the time in 10-year sub-periods from 1 (2010 to 2019) to 5 (2050 to 2059),  
BPit = the annual probability that a wildfire will burn the parcel with structure i in 
sub-period t. 
CSIPij = the conditional structure ignition probability for structure i given HIZ 
treatment j is being performed and maintained throughout all sub-periods. 
SVit  = the structure value for structure i in sub-period t in 2010 dollars. 
 r = the real social discount rate.  
The numerator of eq. 2 is the present value of a 10-year annuity, where the annuity is 
the wildfire risk for structure i for sub-period t, given HIZ treatment j is performed: 
𝐵𝑃𝑖𝑡 ∗ 𝐶𝑆𝐼𝑃𝑖𝑗 ∗ 𝑆𝑉𝑖𝑡.
2 The denominator discounts the present value of the annuity to the 
year 2010.  EALij can be interpreted as the maximum amount in 2010 dollars that the 
owner of structure i could spend on HIZ treatment j over the 50-year period from 2010 to 
2059. An alternative way of presenting the maximum efficient level of spending on HIZ 
treatments is to convert EALij into an annuity, as follows in eq. 3 
𝐴𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝐸𝐴𝐿𝑖𝑗 =
𝐸𝐴𝐿𝑖𝑗∗𝑟(1+𝑟)
50
(1+𝑟)50−1
      [3] 
                                                 
2 In reality, BP and SV change continuously. However, to make landscape-scale simulation of wildfire burn 
probabilities and expected structure losses due to wildfire tractable, these values are updated once at the 
beginning of each of five 10-year sub-periods. 
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Total EAL and total annualized EAL for the study area can be found by summing 
eq. 1 and eq. 3, respectively, over i structures. 
Sensitivity analyses were performed to test how robust Annualized EAL is to changes 
in key parameters. Preliminary analyses revealed that Annualized EAL is most sensitive 
to changes in the discount rate and wildfire risk. Because wildfire risk is a multiplicative 
function of BP, CSIP and SV, the sensitivity analysis on wildfire risk can be interpreted 
as the combined effect of changes in these variables on Annualized EAL. 
5.0 Results 
Table 4 reports ESVL and EAL in aggregate and per structure for the three HIZ 
treatment levels for the study area over the simulation period (i.e., 2010 to 2059). By 
reducing CSIP, all three HIZ treatment levels do provide benefits in terms of avoided 
losses due to wildfire relative to no treatment (None).  Aggregate ESVL estimates range 
from a low of $108.4 M for the Full HIZ treatment to a high of $266.9 M for no HIZ 
treatment. Aggregate EAL is the difference between Aggregate ESVL for no HIZ 
treatment and Aggregate ESVL for an alternative treatment; that is, the benefit of the 
treatment relative to no treatment. Since CSIP reduces as the level of HIZ treatment 
increases from Light to Full, it is not surprising that Aggregate EAL is lowest for the 
Light HIZ treatment at $13.5 M and highest for the Full HIZ treatment, at $158.4 M. 
Aggregate EAL also indicates the maximum present value that can be efficiently spent on 
the alternative treatment within the study area over the period 2010 to 2059.  EAL per 
structure indicates the maximum present value that can be efficiently spent per structure 
on a particular treatment, and Annualized EAL per structure is the 50-year annuity 
equivalent of EAL per structure. For example, on average throughout the study area, it 
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would be economically efficient to spend up to $6525 per structure in one lump sum in 
2010 or $326 per structure per year for 50 years to implement the Full HIZ treatment 
policy for the period 2010 to 2059.  
Table 4. Expected avoided losses due to treatment in the home ignition zone for 2010-
2059 
HIZ 
treatment 
Aggregate 
ESVL ($) a 
Aggregate EAL 
($) b 
Mean EAL per 
structure ($) c 
Mean Annualized 
EAL per structure ($) 
d 
None 266,882,900  NA NA NA 
Light  253,301,600  13,581,300  561 28 
Heavy  165,728,200   101,154,700   4,168  208 
Full  108,476,600  158,406,300   6,525 326 
a. EVSL estimates for each structure from eq. 2 have been summed over all structures 
b. EAL estimates for each structure from eq. 1 have been summed over all structures 
c. the mean of EAL estimated for each structure with eq. 1 
d. the mean of Annualized EAL for each structure estimated with eq. 3. 
The aggregate values in Table 4 mask the spatial and temporal variability one would 
expect throughout the study area, given that BP and SV vary spatially and over time 
(Figures 3 and 4).  Figure 7 illustrates the spatial distribution of Annualized EALij for the 
study area for each HIZ treatment policy. The Figure also reports the proportion of the 
WUI falling into each Annualized EAL class, revealing that for all WUI treatment levels 
evaluated, at least 86% of the WUI has an Annualized EAL of no more than $100 per 
structure.  In the light HIZ treatment, 99% of the WUI falls into this class. That is, for 
99% of the WUI, it would not be efficient to spend more than $100 per annum on light 
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HIZ treatments. For the heavy and full HIZ treatments, only 2% and 5% of the WUI, 
respectively, has an Annualized EAL of greater than $300 per structure.  Comparison of 
the spatial distribution of Annualized EAL in Figure 7 of at least $300 per structure with 
Figures (3 and 4) reveals that high structure values are driving high Annualized EAL 
around Big Fork, Whitefish and Kalispell.  The other incidence of high Annualized EAL 
is in the vicinity of Ashley Lake, which appears to be driven by relatively high burn 
probabilities, rather than structure values.  The unsubstantial economic benefits provided 
by all levels of treatment is made salient by the fact that all parcels in the WUI have a 
minimum of 50% wildland vegetation cover in the 0.8 km buffer surrounding their 
centroid, and individual tree removal costs from within 60m of a structure can range from 
$150-$2,000 per tree as reported by two licensed commercial arborists in Western 
Montana (T. Yoakum, personal communication, January 2016; M. Van Der Meer, 
personal communication, January 2016).  
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Figure 7. Annualized expected avoided loss per structure by parcel sub-period 2050-2059 
 
Our core finding, that EAL per structure and Annualized EAL is low for the 
majority of the WUI, is robust against changes in modelling parameters. For example, 
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Figure 8 presents the sensitivity of Annualized EAL for the Full HIZ treatment to wildfire 
risk and discount rate3. The figure reveals that, only 7% of the WUI has Annualized EAL 
values of at least $300 if wildfire risk is increased by 50%.  Recall that wildfire risk is a 
function of probability that wildfire reaches a structure, the conditional ignition 
probability (which is reduced by HIZ treatments), structure values, and number of 
structures.  Likewise, even if the time preference for money is reduced by 50% to 2.5%, 
Annualized EAL remains low for the majority of the WUI, with only 7% of the WUI 
having Annualized EAL values of at least $300.  
 
 
 
 
                                                 
3 Sensitivity analyses for the Light and Heavy HIZ treatments are available from the authors. Annualized 
EAL for these scenarios was less sensitive to wildfire risk and the discount rate than for the Full HIZ 
treatment. 
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Figure 8. Sensitivity of annualized expected avoided loss to changes in wildfire risk and 
the discount rate for the Full HIZ treatment policy 
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6.0 Discussion 
Stockmann, et al. (2010), with the assistance of local contractors who perform 
fuel mitigation work, estimated the cost of light and full HIZ treatments per structure for 
a sample of 39 homes in Ravalli County, Montana.  Table 5 reports these estimates, 
which have been adjusted to 2010 dollars and annualized at a 5% rate of time preference.  
For example, the present value of the cost of implementing and maintaining a Full HIZ 
treatment over time for one structure is about $12,400, which is equivalent to $680 per 
year. 
Table 5. HIZ treatment costs in Ravalli County Montana 
HIZ treatment Mean present value of total 
treatment cost per structure ($) a 
Mean annualized treatment cost 
per structure ($) b 
Light 5050 280 
Heavy c 8740 480 
Full 12,420 680 
a. Estimates for Light and Full HIZ treatment costs in 2005 for Ravalli County, Montana, from Stockmann 
et al. (2010), adjusted to 2010 dollars with the USA GDP Deflator (Index Mundi 2013) 
b. Annualized assuming a 5% discount rate.  
c. The Heavy HIZ treatment cost has been estimated as the mean of the Light and Full treatment costs. 
 
Comparison of the mean annualized treatment costs in Table 5 with the distribution of 
Annualized EAL in Figure 7 suggests Light HIZ treatments are economically efficient for 
about 1% of the WUI. Heavy HIZ treatments are likely to be efficient for about 3% of the 
WUI, and Full HIZ treatments for about 2% of the WUI.  These findings are robust to the 
parameter changes explored in the sensitivity analysis (Figure 8). Therefore, on the basis 
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of avoided structure losses, a one-size-fits-all HIZ treatment policy that mandates 
treatments would not be economically efficient for the study area. 
The finding that HIZ treatments are economically inefficient is consistent with the 
few other studies that have examined this question (Gibbons, et al. 2012, Stockmann, et 
al. 2010, Venn and Quiggin in press). In addition to its failure to reduce wildfire risk 
sufficiently to be economically efficient in terms of avoided losses, further arguments 
against mandatory vegetation management in the HIZ include reduced aesthetic benefits 
expected with living close to nature and reduced property market value. Also, many 
houses within the WUI have been built on lots less than 0.4 ha, making it impossible for 
homeowners to unilaterally implement a strategy of managing vegetation within 30 m of 
their home, even if they wanted to. 
6.1 Uncertainty, assumptions, limitations and recommendations for future research 
The coupling of biophysical, economic and land use models, as is done in this study, 
provides numerous sources of uncertainty.  Primary sources of uncertainty include: (1) 
RECID2, with which structure demand and WUI growth was estimated; (2) The structure 
value real inflation rate of 1% per annum; (3) FireBGCv2 and FSim, with which burn 
probabilities were estimated, and; (4) SIAM, with which structure ignition probability 
and the reduction factors provided by HIZ treatments were estimated.  When multiple 
models’ outputs are combined across long planning horizons (>10 years), this uncertainty 
is compounded (Riley, et al. in press); for this reason, results should be considered 
tentatively.    
The use of simplifying assumptions also has the potential to influence results and 
introduce uncertainty.  For example, the assumptions used in the A2 climate change 
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scenario and application of that scenario for the study may underestimate the effects of 
climate change.  Recent global climate change models (e.g. IPCC 2014) are predicting 
more severe climate change within the study area, which could generate higher average 
burn probabilities on the landscape, than that predicted by the A2 model. Nevertheless, 
the potential impact of this is addressed with sensitivity analyses.  
Additionally, the assumed economic growth rate of 2.2% may also be conservative 
and underestimate the demand for or value of future structures.  However, the sensitivity 
analysis performed on wildfire risk, which accounts for burn probability, structure values, 
structure ignition probability and structure numbers, suggests that wildfire risk would 
have to be increased by more than 50% for HIZ treatments to be economically efficient in 
the study area. 
Due to the low annual probability of wildfire at any given point on this landscape, the 
value of assets at risk must be very high in order for risk mitigation investment to be 
economically efficient.  A limitation of this study is that it only considered the avoided 
loss of structure value as the benefit of treatment.  The inclusion of other benefits, such as 
avoided loss of lives, aesthetics, and home contents would increase EAL.  Additionally, 
economic valuation fails to capture the non-market value that some individuals place on 
their home and its contents.  For these individuals, or those who favor risk avoidance, the 
added value of protection provided by HIZ treatment may render the investment a sound 
economic decision.       
This study is also limited because it only considered vegetation treatments within the 
HIZ to reduce wildfire risk.  The absence of any kind of landscape-scale fuel reduction 
treatment positively biases the effect of HIZ treatments by increasing the likelihood that 
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wildfire will intersect the WUI.  This bias requires results to be considered an upper 
bound of the economic efficiency of HIZ treatments.  In reality, land managers, including 
federal government agencies, do perform landscape-scale fuel reduction treatments and 
could be required to increase fuel management to reduce wildfire risk to the WUI.  The 
economic efficiency of structure modification by homeowners using non-flammable 
materials on EAL was also not considered in our estimation of HIZ treatment benefit.    
An additional limitation of this study is that all burn probability estimates were based 
on one randomly placed wildfire pattern, or spatial distribution of wildfire on the 
landscape.  Wildfire affects future burn probability in a similar manner to landscape-scale 
fuel reductions.  While the mean landscape burn probabilities resulting from four 
alternate fire pattern simulations were practically the same as the mean landscape burn 
probability resulting from the fire pattern used to calculate EAL, they were found to be 
significantly different from each other (see Appendix A).  The use of one fire pattern in 
this study introduced uncertainty regarding the extent to which the spatial pattern of 
wildfire on the landscape contributes to the EAL values observed.  
Future research into the effect of landscape-scale fuel reduction treatment, alternative 
fire patterns and structure modification on EAL would provide a meaningful contribution 
toward finding the most economically efficient method of investing in wildfire risk 
mitigation. Since economic efficiency of HIZ treatment appears to be highly correlated 
with structure value, future research exploring the economic efficiency and feasibility of 
neighborhood-wide, rather than WUI-wide, application of treatments would also be 
revealing.  Additionally, if Americans are collectively unwilling to accept or manage 
wildfire risk, then the economic efficiency of other alternatives should also be explored, 
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and could include planning laws that restrict where people live, including fire insurance 
requirements or bonding for homeowners building in the WUI. 
7.0 Conclusion 
WUI growth and other factors increasing the probability of wildfire suggest that 
annual spending on wildfire risk mitigation and suppression will continue to increase.  
This study accounted for expected increases in wildfire risk (due to climate change, 
vegetation growth and increasing housing stock) over time in Flathead County, Montana, 
and estimated the expected avoided loss in structure values associated with three HIZ 
treatment levels that would require homeowners to treat fuels on their properties. 
Expected avoided losses were then compared with estimates of the cost of implementing 
and maintaining the treatments over time. Given data limitations, our results must be 
regarded as tentative; however, for the majority of the WUI (86%-99%), benefit of 
treatment under all home ignition zone treatment levels was much less than the estimated 
mean cost of performing treatment. Therefore, the analysis strongly suggests that 
mandatory HIZ treatments are unlikely to be economically efficient in Flathead County. 
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 Appendix A. FireBGCv2 Fire Pattern  
FireBGCv2 simulates vegetation and disturbance dynamics on five scales: landscape, 
site, stand, plot and tree.   These scales correspond to spatial domains of organizational 
layers represented within the model (Keane, et al. 2011).  Wildfire simulation is initiated 
according to vegetation, fuel, climate and topography attributes found on multiple scales.  
Wildfire ignition locations are chosen stochastically across the landscape; ignition 
simulation occurs if time since last fire, a site-scale attribute, and fuel availability, a 
stand-scale attribute, are capable of supporting an ignition.  Wildfire spread is determined 
by wind and slope, landscape-scale attributes, and fuel availability.  Perimeters of 
wildfires are recorded as the annual fire pattern; Figure A-1 shows the fire pattern used in 
this study for the entire simulation period (2010-2059).  Fire behavior and effects relevant 
to this study were recorded as modifications to vegetation and fuel data on stand- and 
tree- scales, which were used at the end of each sub-period as inputs for landscape burn 
probability estimation using the large fire simulation model FSim (Finney, et al. 2011).    
To learn about the potential variability in burn probability resulting from different fire 
patterns in FireBGCv2 simulation, four additional FireBGCv2 simulations were 
performed with alternative fire patterns using the same climate and vegetation conditions 
as the original fire pattern simulation.  Burn probability estimates were generated at the 
end of each sub-period for each alternative with FSim.  Table A-1 shows the mean 
landscape burn probability by sub-period for each unique fire pattern (FP).  The 
landscape mean burn probability for all alternative fire patterns (FP 2 – FP 4) matched 
the original fire pattern (FP 1) burn probability very closely by sub-period; however, the 
large sample size represented by the number of pixels on the landscape (568,956) 
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provided high accuracy of the mean estimation with very tight 95% confidence intervals. 
The lack of overlap between the confidence intervals suggests that, while burn 
probabilities are practically the same for all fire patterns by sub-period, they are 
significantly different.  This analysis revealed a source of uncertainty resulting from the 
use of one fire pattern.  While not feasible in this study due to computational limitations, 
performing a sufficiently large enough number of FireBGCv2 simulations with unique 
fire patterns and subsequent FSim simulations by sub-period would allow the mean EAL 
per parcel to be estimated and would reduce the uncertainty introduced by using one 
randomly-selected fire pattern.   
 
 48  
 
 
Figure A-1.  Fire pattern used for estimation of EAL and land management boundaries 
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Table A-1. Landscape mean burn probabilities and 95% confidence intervals for fire 
pattern 1-fire pattern 5 (FP 1- FP 5), by sub-period 
Fire Patern (FP) Mean Burn Probability 95% Confidence Interval
Sub-Period 2010-2019
FP 1 0.006556 0.006546 0.006566
FP 2 0.006602 0.006592 0.006613
FP 3 0.006684 0.006673 0.006695
FP 4 0.006715 0.006704 0.006725
FP 5 0.006353 0.006343 0.006363
Sub-Period 2020-2029
FP 1 0.010129 0.010115495 0.01014
FP 2 0.006602 0.00659197 0.00661
FP 3 0.009899 0.009885428 0.00991
FP 4 0.010258 0.01024322 0.01027
FP 5 0.009734 0.009720005 0.00975
Sub-Period 2030-2039
FP 1 0.012393 0.012377863 0.012409
FP 2 0.013332 0.013314564 0.013349
FP 3 0.012626 0.012610574 0.012642
FP 4 0.013385 0.013368064 0.013402
FP 5 0.012213 0.012195633 0.012230
Sub-Period 2040-2049
FP 1 0.015796 0.015774 0.015817
FP 2 0.014652 0.014632 0.014672
FP 3 0.014086 0.014067 0.014104
FP 4 0.015295 0.015274 0.015315
FP 5 0.014776 0.014755 0.014796
Sub-Period 2050-2059
FP 1 0.015098 0.015078027 0.01512
FP 2 0.015207 0.015186942 0.01523
FP 3 0.014724 0.014704959 0.01474
FP 4 0.014794 0.014774404 0.01481
FP 5 0.014809 0.014789354 0.01483  
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Appendix B.  FSim Calibration and Simulation 
 FSim-the large fire simulator (Finney, et al. 2011) is a wildfire simulation model 
that uses the annual and interannual statistical variability in historic weather and ignition 
probability grids to simulate significantly large wildfires upon a geospatial landscape for 
a user defined number of fire seasons.  Significantly large refers to fires that escape initial 
attack, which account for 95% of area burned in the USA (Scott, et al. 2013).  
Simulations produced spatially explicit maps of mean burn probability per pixel on the 
landscape, which were used in this study to estimate the probability of parcels burning by 
sub-period.  Modelling with FSim required data preparation, including: building a 
geospatial landscape, selecting the historic weather stream, creating an ignition 
probability grid, and model calibration.  Following is a description of the methods used to 
perform the above tasks and a discussion of how climate change was integrated into the 
model parameters for future large wildfire simulation.  
 FSim simulates wildfire on a static geospatial landscape, meaning that vegetation 
and fuels are not modified by wildfire simulation.  The landscape is represented by a 
landscape (.lcp) file, a multi-band raster constructed of eight geospatial layers, three 
topographic (slope, aspect and elevation) and five vegetation (fuel model, canopy cover, 
canopy height, canopy bulk density and canopy base height).  The landscape file for this 
study was built in FlamMap 5.0 (Finney 2006) using a combination of LANDFIRE 
refresh 01data (Rollins 2009) resampled from its native 30-m resolution to 90-m and 
FireBGCv2 simulation outputs.  To allow for simulated fires in to burn into and out of the 
study area, a 20 km buffer of LANDFIRE refresh 01 data was added around the 
FireBGCv2 data simulated at the conclusion of each sub-period.   
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FSim simulates annual weather streams based on recent observed weather, which 
were obtained from the Hungry Horse, Montana weather station from the fire and 
weather data website FAMWEB (USDA 2015).  Weather stream data, confined to the 
recent historic period (1992-2011) to capture recent changes in climate, was entered in to 
FireFamily Plus 2.0 (Bradshaw, et al. 2000), which calculated the daily Energy Release 
Component (ERC), a National Fire Danger Rating System index used by FSim as a proxy 
for heat per unit area available to the flaming front (Cohen and Demming 1985).  Daily 
ERC and historic weather data, summarized in FireFamily Plus 2.0 outputs, provided the 
parameters required by FSim to estimate fuel moisture wind speed and direction for 
wildfire simulation.  An ignition density grid, generated using the Fire Occurrence 
Database (FOD) (Short 2014), provided the historical fire record for the study area from 
which daily ignition probability was determined by FSim based on the statistical 
relationship between ERC and the historical record of large fires (Finney, et al. 2011).  
The following metrics: mean burn probability, number of large fires greater than 95 
acres, and mean annual large-fire area burned, as calculated from initial simulations, were 
compared with 20 years of historical records, obtained from the FOD.  Historical burn 
probability in the study was 0.004907; the number of large fires was 74; and mean annual 
large-fire area burned was 24,535 acres.  Adjustments were made to FSim parameters 
until simulation results were consistently close to the observed historical values.     
Climate parameters required by FSIM include: (1) mean monthly precipitation; 
(2) relative humidity; and (3) average temperature.  For the first sub-period, climate 
parameters were obtained from historic weather data.  To capture the effects of climate 
change in future sub-periods, climate parameters were obtained from General Circulation 
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Model (GCM) data spatially downscaled, from a pixel resolution of 150-300 km by 150-
300 km to approximately 6 km by 6 km, for the Northwest United States by the Climate 
Impacts Group (CIG) (Littell, et al. 2011), at the Hungry Horse RAWS location.  These 
data were used to bias-correct the mean monthly predicted changes in precipitation, 
relative humidity, and average temperature in the observed weather records from the 
recent historic period (1992-2011) to simulate the effects of the IPCC AB1 greenhouse 
gas scenario (IPCC 2007b).  The discrepancy between the A2 greenhouse gas emissions 
scenario (IPCC 2007b) used in FireBGCv2 simulations and the AB1 greenhouse gas 
scenario used in FSim simulations was not discovered until after all simulation modeling 
was completed.  However, comparison of the A2 and AB1 (Figure B-1) shows that 
climate projections for both scenarios are consistent until after this study’s simulation 
period (2010-2059) (IPCC 2007a). 
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Figure B-1. Multi-modal averages and assessed ranges for surface warming (relative to 
1980–1999) for the IPCC greenhouse gas emissions scenarios A2, A1B and B1, shown as 
continuations of the 20th century simulations. Source (IPCC 2007a). 
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